Lipid bilayers are some of the most fascinating self-assembled structure in living nature. Not only do they serve as the protective boundary of cells and their internal organelles, they also organize and host major parts of the biochemical machinery for cellular communication and transmembrane transport. To study aspects of cellular membranes in a controlled manner, solid supported planar bilayers have served as reliable tools for many decades. They have been used in a large variety of studies ranging from fundamental investigations of membranes and their constituents to the dissection of cellular signaling mechanisms. However, there are limitations to these systems and recently a class of new systems in which the lipid bilayer is supported on a soft, polymer cushion has emerged. Here, we review the different polymer cushioned bilayer systems and discuss their manufacture and advantages.
Introduction
For the last three decades functionalization of interfaces with mimics of biological membranes has been an ongoing effort. These model-membrane systems have garnered much attention because they provide a useful and interesting interface between the biological world and man-made materials. Thus, they have great potential for basic membrane and cell-biology research as well as a variety of biotechnological and biomedical applications. The simplest of these membrane mimics is the solid supported lipid bilayer that in many ways behaves similar to free lipid membranes. A thin water layer between the substrate and the bilayer serves as lubricant that enables long range lateral diffusion of the lipids. Thus, they preserve the fluidity of biological membranes that is so central to many cellular functions. Since the first fabrication of a solid supported bilayer via successive deposition of two monolayers by Tamm and McConnell [1], solid supported bilayers have been instrumental in a wide variety of studies. This is in part because proteins or other membrane constituents can be placed on or in the membrane, thus providing a highly controlled environment for experimentation. One of the great advantages of using a planar solid supported lipid membrane as opposed to lipid bilayer vesicles is the ability to bring to bear a number of light based analytical techniques such as; Förster resonance energy transfer (FRET) [2] , fluorescence correlation spectroscopy (FCS) [3, 4] , total internal reflection fluorescence (TIRF) [5, 6] or fluorescence recovery after photo-bleaching (FRAP) [7] . By using a thin (~150 µm) support, such as a glass cover slip, means that high magnification optics, with high numerical apertures and small working distances, can be used to bring light to and collect light from those bilayer. For example, supported lipid bilayers have been used to investigate membrane bound signaling events of cells [8, 9] , study protein-lipid interactions on the single molecule level [5] and develop biosensor platforms [10] [11] [12] .
However, a significant limitation of such traditional solid supported bilayers can be encountered when trying to incorporate transmembrane proteins into the supported membrane (Figure 1) . A typical solid supported bilayer will have an approximately 1 -3 nm thick hydration cushion between the support and the bilayer. This does not provide sufficient space for the cytosolic domain of most transmembrane proteins and consequently the protein will contact the substrate surface, deform and eventually denature as indicated in Figure 1(b) . To overcome this restriction and expand the use of supported lipid bilayers to other research areas and fields, a different type of bilayer support has been developed. In this alternative method a soft polymeric layer is introduced between the solid support and the artificial lipid membrane. The polymer layer provides a low friction interface for the lipid bilayer and any imbedded proteins. The system has proven its adaptability and has been utilized in such diverse applications as; membrane protein binding detection [13] , electrophoretic accumulation studies [14, 15] , cellular cytoskeleton incorporation [16] , and electro- chemical biosensors [17] . Here, we discuss the options available for polymer bilayer supports and try to underscore the particular strengths and weaknesses of the different systems and methods.
Polymer Supports for Lipid Bilayers
Most common polymer supports have had their genesis in convenience. Popular biological techniques involve numerous polymerizing substances; consequently some have been adopted for use as membrane cushions. For a successful polymer based lipid bilayer cushion, the polymer must have some few specific characteristics. Firstly, they must be capable of forming a thin layer with surface uniformity suitable for bilayer formation. Secondly, they would ideally have a well-defined elastic modulus that can be replicated at every iteration of the experiment. Thirdly, the polymer must be hydrophilic, and they must be relatively chemically inert so as not to cause unwanted reactions and interactions with the membrane. Due to their hydrophilicity such polymers typically have high water contents and are known as hydrogels. Hydrogels have refractive indices that deviate only slightly from that of the liquid used to hydrate them, this allows for good optical coupling between the hydrogel and the aqueous solution, giving aberration free imaging through the gels. Most other light based measurement techniques such as FCS [18] and FRAP [19] are also compatible with these systems. The nature of self-assembly of amphiphillic molecules such as lipids dictates that there must be water present for the formation of a bilayer. Consequently, to avoid de-wetting of the lipid/polymer interface during or after deposition of the bilayer there can be no strong attractive forces between a substrate and the membrane. Care must be taken when using polymers that have charged or polarized functional groups to ensure the attractive forces between these and the lipids are not too great. Typically polymer wetting ability is characterized by the contact angle of a water droplet on its surface. This can give some indication of a good polymer for a bilayer cushion application. Typical contact angles range from 30 -70 degrees [20, 21] .
Polymer supports might be classified with respect to a variety of properties. A first possibility would be a distinction between copolymers (such as styrene-acrylonitrile and nitrile rubber) which are formed using two or more monomer species and homopolymers (such as cellulose, PVC and polyethylene glycol) which consist of only one monomer species. A thorough review of the literature reveals that polymers used for bilayer supports are overwhelmingly of the homopolymer variety although a clear advantage for their use is not obvious per se. Another possible distinction of polymer supported lipid membranes could be made between systems where the polymer layer(s) are formed independently of the bilayer and those that are formed through fusion of vesicles containing lipo-polymers. Another differentiation could be made between polymer supports that attach to the solid support just by adhesion and those polymers that are attached to the solid substrate through an intermediary binding molecule: alkylsilanes for silica and mica substrates [22] , or alkylthiols for GaAs or gold substrates [23] . These binding molecules need to have a functionalized domain for polymer attachment and can be either coated over the entire solid substrate when using independent polymer supports [24] or attached to the distal end of each polymer when using lipopolymer supports [25] .
Yet, in this review we separated polymer supported bilayers into two main classes: independent polymer to the bilayer, and coupled membrane-polymer systems where all or parts of the polymers are linked to lipids or hydrophobic molecules that integrate into the bilayer ( See Figure 2) . A short summary of the different polymer systems are given in Table 1 , while the chemical structures are summarized in Figure 3 . 
Independent Polymer Support
Independent polymer supports are characterized by the fact that they have no direct linkage with the lipid bilayer. This allows for maximal flexibility with respect to polymer choice as well as deposition and manufacture procedures. The polymer in question can be spin coated on [26] , deposited by sequential dipping [27] or, for chemically induced polymerization, polymerized while sandwiched between the substrate and a second solid layer with a nonreactive coating [28] . Following polymer preparation the lipid bilayer is deposited using one of three main techniques: Langmuir-Schaefer, Langmuir-Blodgett, or a hybrid monolayer/vesicle fusion system (vide infra).
Polyacrylamide
Polyacrylamide (see Figure 3(a) ) is typically used in gel electrophoresis. In this application the gel structure is controlled by adjusting the ratio of acrylamide monomers and bis cross-linkers in the unpolymerized solution [29] . In an electrophoresis gel this ratio determines the average pore size and if used as membrane support polymer, this ratio can be used to control the elastic modulus of the gel (typically between 1 and 200 kPa [30] ). This latter ability made polyacrylamide also very popular as a soft substrate material in studies of cellular biomechanics [31] . To prevent peeling, polyacrylamide requires that the solid substrate be coated with a bonding agent, typically alkylsilane, which covalently binds the cross-linked polymer to the glass [24] . To achieve a smooth surface the unpolymerized solution is sandwiched between the activated solid substrate and another surface coated with a special non-reactive coating, typically a short chain silane polymer which renders the surface inert [32] . Once the nonreactive layer is removed the result is a uniform polymer surface suitable for bilayer deposition. This sandwiching technique is only possible because polymerization and crosslinking of the polyacrylamide is induced chemically and occurs over the time of minutes. In contrast to other polymer systems, the thickness of the crosslinked polyacrylamide gel can be easily controlled during production and thickness from tens to hundreds of micrometers can be achieved [32] . In comparison, other techniques give gel thicknesses in the tens to hundreds of nanometers range [29] . This wide range of thicknesses increases the number of potential applications for such a system. However, it should be noted that the acrylamide monomer is a toxin that should be handled and processed with care in particular if live cells are involved in a study.
Poly-L Lactic Acid (PLLA)
PLLA is another commonly used membrane support (Figure 3(b) ). It is hydrophilic and quite inert and thus provides a good substrate for biological studies [26] . It has some promise in the medical field due to its biocompatibility and biodegradability making it a good candidate as a scaffold for tissue engineering [33] . PLLA can be formed into a uniform support by spin coating a solution onto a solid substrate. The coating then gets annealed before use to complete the polymerization. This yields layer thicknesses in the 100 nm range [26] . Having polymer layers this thin allows the use of sensitive optical techniques that rely on the use of objectives with high numerical aperture, such as; sum frequency generation vibrational spectroscopy [26] , total internal reflection fluorescence and glancing angle illumination [34] .
Cellulose
Cellulose has been one of the most widely used polymers in modern history (Figure 3(d) ). It is found naturally in plant cell walls and is the main constituent of paper and wood products. Cellulose has a diverse number of common uses from cellophane to wall paper paste to food filler. It is an inert hydrophilic polysaccharide, formed from dehydrated dextrose (the right hand form of glucose). It can be formed into thin layers for bilayer support by first substituting their hydroxyl groups for a hydrophobic side chain; this allows them to be dissolved in organic solvents. Once dissolved they can be spin coated onto a substrate or formed into monolayers on a Langmuir trough and deposited onto a substrate; the thickness can be built up through repeated dipping [19, 35] . A variety of cellulose derivatives exist, such as trimethylsilylcellulose (TMSC) and isopentylcellulosecinnamate (IPCC), which provide different properties to the substrate such as solubility in nonpolar solvents and improved surface friction, respectively [19, 35, 36] . It has been shown that such cellulose derivatives can be modified post deposition via exposure to HCL vapor to create a hydrophilic surface with a hydrophobic core, this can change the electrical resistance of the bilayer which can be useful for ion channel studies [19, 35, 36] . Cellulose has also been successfully patterned through microcontact printing; here a polydimethylsiloxane (PDMS) stamp is used to transfer patterns of "ink" monolayers onto the cellulose substrate which act as a diffusion barrier to the lipid bilayer. Patterning permits close spatial control of the bilayer contents, and can be used to promote selective cell growth, to study membrane discrimination, or to isolate proteins or channels from each other [37] .
Agarose
Agarose is a polysaccharide most commonly found in agar, the gelatinous substance used for bacterial cell culture. It is derived from certain species of red algae and is used in such things as ice cream, the brewing process, as well as a food item in its own right [38] . In biological studies agarose is used to make a porous gel for microorganism motility assays [39] ; the concentration of agarose in solution determines the final viscosity of the substance [40] . Agarose has been used as a polymer support for bilayers for the last 15 years [41, 42] . It can be deposited on glass by brushing on a solution of agarose type VII in water, this is dried at room temperature, no further modifications are required [43] . This makes agarose arguably the simplest polymer supports to work with.
Polyelectrolyte Cushions
Another polymer cushioning system involves polyelectrolytes. These are polymers whose monomer subunits have an electrolyte group. The electrolyte groups will dissociate when exposed to an aqueous solution leaving the polymer with a net charge. To form a bilayer cushion the polyelectrolyte is deposited onto the substrate (which is typically charged) in a layer by layer fashion [44, 45] . The substrate is repeatedly dipped between two polyelectrolyte solutions; one a polycation (such as Poly (diallyldimethylammonium chloride)), one a polyanion (such as poly(4-venyl-benzenesulfonic) acid, Figure 3c ) [27] . Each dipping causes a monolayer of polyelectrolyte to be adsorbed on the surface through electrostatic attraction and reverses the charge on the surface leaving it ready for the next layer. This layer by layer method is inexpensive, easy and gives excellent thickness control, down to single nanometer precision [27] . Bilayer deposition is then dependent on the relative charges in the system, for a positively charged final polyelectrolyte layer negatively charged lipids are required to get total coverage. This electrostatic coupling may make polyelectrolyte cushions a poor choice for membrane dynamics studies but a good choice for ion channel studies. Surface patterning can be carried out by making use of the electrostatics to selectively layer certain sections through micro contact printing [27] . This approach has the advantage of providing a chemical contrast as opposed to a topographical contrast for membrane patterning [27] .
Coupled Membrane Polymer Systems
Coupling between the bilayer and the polymer support is usually achieved by the use of lipopolymers. These are molecules that have a lipid like structure on one end of the polymer chain allowing that part to insert into a lipid bilayer, while the rest of the polymer is free to form the cushion. In order to get full coverage of the membrane with a supporting cushion the distal portion of the lipopolymer needs to have a reactive end domain allowing it to covalently bind to the solid substrate. Without these tethering points the polymers tend to all reside in the upper leaflet of the bilayer and provide no measurable bilayer/substrate spacing [46] . Even in the presence of the covalent bonding of the polymer to the solid support the system tends to segregate into domains with polymer support and bilayer parts that sit right on top of the solid substrate. The concentration of lipopolymers in the bilayer and the length of the polymer chain can be used to fine tune bilayer/substrate distance for each application
Polyethylene Glycol (PEG)
PEG is one of the most ubiquitous polymers used for lipopolymer constructs. It is a polyether that can be linear or branched and carries little to no charge [47] (Figure  3(e) ). It is non-toxic and has excellent wetting characteristics making it an ideal choice for a wide range of biological applications: PEG is used as an antifouling coating on biomedical devices due to its "protein repellent" characteristics, i.e. flexibility and hydrophilicity [48] [49] [50] . It was first bio-functionalized in the 1970s to aid in drug solubility and stability in immunological studies [51] . The process of covalently attaching a PEG to a biomolecule (known as pegylation) was developed with proteins in mind; however the process is easily adjusted for lipids. The PEG molecule has a hydroxyl group on both ends of the polymer chain that permits hydrogen bonding to a number of end groups suitable for bio reactions such as: amides, esters, and aldehydes. PEGS for lipid studies usually require different reactive groups on either end, some good options include: amine, maleimide, pyridyl disulfide, and carboxylic acids [48] . As with other lipopolymers, the lateral density of pegylated lipids in a supported lipid bilayer determines whether or not the formation of a polymer cushion will be successful. Too few lipopolymer tethers and the bilayer will sag and contact the solid support. Too many PEGs and free diffusion in the bilayer will be impacted [46] .
Poly(2-Methyl-2-Oxazoline) (PMOXA)
PMOXA is emerging as an alternative to PEG [52, 53] (see Figure 3(f) ). It shares many of the same properties as PEG, such as hydrophilicity, protein repellence and its nonionic nature. In contrast to PEG however, PMOXA is lacking PEG's ether bonds, which are prone to oxidation, thus rendering PMOXA more stable [52, 53] . In addition,
Protein Coupled Polymer Cushion
Recently researches have started to employ membrane incorporated proteins as anchor points to the polymer cushion. Presently, the only known such system is based on poly(N-(2-hydroxyethyl)acrylamide-co-5-acrylamido-1-carboxypentyl-iminodiacetate-co-4-benzoylphenyl methacrylate) (P(HEAAm-co-NTAAAm-co-MABP)) that has been modified with the nickel chelating nitrilotriacetic acid (NTA) groups. This allows binding of cytochrome c oxidase via a poly histidine-tag to the polymer cushion surface. The bilayer between the proteins is then formed using direct vesicle deposition [56] .
This review focused on the popular methods for providing a polymer bilayer support. Other polymer systems such as dextran and polyethyleneimine (PEI) have also been developed as membrane supports, but have so far not seen widespread use [57, 58] .
Bilayer Deposition on Polymer Support
For the deposition of the lipopolymer containing bilayers or of the lipid membrane on the polymer cushion there are three main options that have successfully been used. They all involve the use of a Langmuir film balance to a greater or lesser degree. This is in stark contrast to solid supported bilayers that can often be formed by simple incubation of the clean substrate with small unilamellar vesicles.
The Langmuir-Blodgett technique [59] requires the lipids to be dispersed as a monolayer at the air-water interface of a Langmuir film balance. The Langmuir film balance allows the surface density of the lipid monolayer to be adjusted: eukaryotic cells are thought to have a surface pressure of 32 mN/m [60] and surface pressure anywhere between this and 20 mN/m have been successfully used for membrane deposition. The surface pressure is adjusted using the parallel barriers and the substrate to be coated is drawn from the liquid phase through the lipid monolayer into the air perpendicular to the surface (Figure 4(a) ), this deposits the first lipid monolayer onto the polymer substrate. The substrate is then dipped back through the monolayer, again perpendicular to the surface, to deposit the second monolayer creating a bilayer (Figure 4(d) ). This technique is suitable for depositing symmetrical as well as asymmetrical bilayers or multilayers.
The second option is the Langmuir-Schäfer technique [61] . This involves the same first step as for LangmuirBlodgett transfer (Figure 4(a) ), however this time the second dip is done parallel to the liquid surface (Figure 4(c) ), this way lipids are distributed more evenly in the second monolayer as there is no adjustment required to maintain the surface pressure during the dip. Consequently this produces more homogenous bilayers. Langmuir-Schäfer is sometimes regarded as a variant of the Langmuir-Blodgett technique however Langmuir-Schäfer deposition has typically a better success rate.
The third option is a hybrid Langmuir-Blodgett/vesicle fusion technique [62] . Here the first monolayer is deposited using Langmuir-Blodgett transfer (Figure 4(a) ) and the upper leaflet is formed by incubation with vesicles of the desired upper leaflet lipid composition (Figure 4(b) ).
The preparation of the lipid bilayer in a lipopolymer based support can be achieved using the same techniques as above, but with some small variations. The necessity of binding the polymer to the substrate (typically through Either the molecule that links the solid support to the polymer cushion is part of the polymer already [25] or it is separately deposited as a film over the entire solid support [26] . There are also different options for how to attach the polymers to the bilayer components. The polymers can either be pre-bound to the solid substrate and then have a modified bilayer element to which they bind [63] or they can be pre attached to the lipid monolayer and then deposited on the pretreated surface [25] .
Advantages and Limitations of Polymer Supports
viously, crea is much more involved and challenging than producing a bilayer on a solid support or most other membrane mimics. Thus, it is worthwhile to briefly discuss the benefits of such an undertaking. Originally, the creation of polymer supported bilayers was driven by the desire to study membrane bound proteins that have substantially sized cytosolic domain (>10 Å, the typical distance between a solid support and a supported lipid bilayer). Studying such large proteins requires that there be no potentially denaturing interactions between the protein and the solid support. Having an inert polymer spacer solves this problem and still permits the protein to diffuse in the bilayer. The introduction of a space between the bilayer and the substrate also means that a reservoir has been created into which ions can flow through ion channels. Therefore with an electrode at the solid support electrophysiological experiments can be conducted in a controlled manner. This makes for an interesting alternative to traditional patch clamping [43] and vertical free-standing black lipid membranes. A further advantage for such studies is the enhanced self-healing seen in polymer supported bilayers. The elimination of bilayer defects increases the electrical resistance across the bilayer; a definite advantage for ion channel characterization.
It has furthermore been shown that similar to solid pported membranes independent polymer supports can also easily be patterned using one of two different techniques: photo mask lithography or micro contact printing. In the lithographic technique the polymer is chosen such that polymerization or crosslinking can be induced by light [64] . This results in a patterned polymer substrate onto which a bilayer can be easily deposited and constrained by a physical corral. The micro contact printing system uses a polydimethylsiloxane (PDMS) master stamp to transfer a patterned monolayer of "ink" onto a substrate through direct contact [65] . The ink is adsorbed to the substrate leaving an ink design with micrometer feature size. A variety of protein inks have been developed barriers to a lipid bilayer. Micro-patterns such as these can be used to do direct side by side comparison of different lipid species without intermixing, or alternatively to apply different stimuli to different parts of the bilayer without intermixing of the lipids.
When using lipids that have a high charges (such as phosphatidylinositol 4,5-bisphosphate (PIP 2 ) which has three negative charges on its head group [67] ) there is potentially electrostatic interactions between the supported lipid bilayer and the substrate. In particular since common glass preparation methods such as piranha etching (75% sulfuric acid (H 2 SO 4 ) and 25% hydrogen peroxide (H 2 O 2 )), hydroxylate the surface leaving it hydrophilic and slightly negatively charged [68] . Separating the charged lipid bilayer from the charged solid support through an inert polymer support of at least several dozens of nanometers introduces enough spatial separation to effectively screen any electrostatic interactions between the solid substrate and the bilayer considering that the Debye screening length at physiological conditions (~150 mM NaCL) is about 1 nm [69] .
A final advantage of polymer membrane supports is that while they effectively overcome many of the problems inherent to solid supported membranes, they conrve the latter's compatibility with most of the modern light-based experimental methods. Thus, techniques such as Fluorescence Correlation Spectroscopy (FCS), Föster resonant energy transfer microscopy, fluorescence recovery after photo bleaching or total internal reflection fluorescence microscopy can readily be used with these systems [4, 18, 70] .
The main disadvantage of polymer supported bilayers is the increased complexity of the production process when compared to solid supported bilayers. Many more steps are required for polymer cushion fabrication and lipid deposition presenting many more opportunities for failure of the system. For the independent polymer supports incorporation of the lipid bilayer requires a Langmuir trough. Even in its simplest form this machine requires a moderate outlay in cost and training and requires much more time and resources than vesicle incubation. The total time required for bilayer production with a polymer support is approximately an order of magnitude more than for a solid supported bilayer. This is a severe disadvantage as it increases the personnel cost as well as the materials expenditure.
What Lies Ahead for Polymer Cushioned
Bilayers?
The clear, distinctive advantage of polymer supports is the ability to incorporate integral membrane proteins into pported lipid function. The place where this technology advances however will be at the intersection with the techniques discussed above as well as developments that are still ongoing. The combination of polymer supported lipid membranes and semiconductor supports can for example be used as an organic transistor to reliably detect surface charge on a lipid monolayer [71] . Incorporation of this ability with the proper cultured cells could herald new types of cell based biosensors with an electronic output. Patterned polymer supports could be used to develop whole arrays of different biosensors capable of detecting an enormous range of different properties or reagents on an extremely compact surface. Polymer cushioned bilayers are new meta-materials that have some features similar to the actin-membrane structure of living cells. Actin is a very dynamic biop m ve been an exl in membrane characterization. They er when it comes to studying transaterial is based upon work supported by the Naer Grant No. PHY-0955945.
[1] L. K. olyer and it seems natural to utilize polymers for membrane support that have some added functionality. Using such polymers as cushion could turn polymer supported bilayers into rather active surfaces. For example the pH dependent properties of hydrophilic poly(acrylic acid) (PAA) has been recently used to create an active polymer cushion for bilayer support [72] . One could also envision the use of hydrophilic shape memory polymers such as polyethylene terephthalate-polyethylene glycol copolymer [73] or poly(N-isopropylacrylamide) [74, 75] to actively change the topography of the polymer support which would allow for interesting studies of the active coupling of membrane composition and curvature.
Conclusion
In conclusion, supported lipid bilayers ha tremely useful too are limited howev membrane proteins. Here we have reviewed some of the options that are available for introducing a polymer cushion to support a lipid bilayer and have discussed the major benefits of such systems. As we reach the limits of what the traditional solid supported lipid bilayer is capable of, we expect greater uptake of polymer cushions and further development of the technology in the coming years.
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